Abstract -Defining the possibility of resonant modes onset in power supply systems (PSS) is a relevant task in selection and validation of VAR compensators (VC). At the current resonance negative consequences take place: supplemental heating of conducting parts, overload with the consequent outage of static capacitor batteries (SCB), excessive heat of transformer windings and a core. Existing practices to determine the boundaries of non-sinusoidal modes acceptance are developed for stationary modes and they use effective values of currents and voltages defined by the Fourier transform (FT). The methods of mathematic modeling allowed the frequency decomposition of the signal to be performed using the mathematical apparatus of the wavelet packet transform. This decomposition into the frequency components allowed the time intervals of HH in PSS to be determined. This paper presents the modification of existing algorithms and techniques based on packet wavelet transform. The validity of the presented technique was confirmed by a numerical experiment.
INTRODUCTION
An increased share of receivers with excessive voltage and current waveform distortion results in a number of negative effects for power supply systems:
-incidental power and energy losses in conducting parts; -accelerated aging of insulation and premature failure of equipment;
-abnormal operation of relay protection and automatic equipment;
-resonant modes onset. The tasks of calculating PSS in order to determine possible resonant modes, optimum allocation of capacitor banks make the search for new solutions necessary [1] .
Huang et al. [2] suggested a practical approach to defining boundaries of non-sinusoidal modes acceptance in terms of possible resonance. The method is based on the construction of the set of curves for the defined in [3] voltage individual harmonic distortion levels (IHD). As a variable value in schematics the authors [2] assign the so-called resonance index which is defined as a ratio of harmonic admittance to fundamental frequency admittance. To determine the boundaries of the mode, maximum allowable overload values for shunt capacitors specified in [4] are used.
Later this approach [2] was developed in [5] where capacitance of cables in the ground was taken into account as an additional factor. In addition, the authors [5] considered the possibility of ferroresonance with a low transformer load.
Work [6] suggests a method for modal analysis of the sensitivity of PSS nodes. The presented method allows nodes to be identified which require special attention in case of the current resonance over-voltage. A diagonal matrix is more effective for the node voltage sensibility assessment. With this aim in view, the singular decomposition of the conductivity matrix into the left and right eigenvectors is applied in [6] . This approach allowed the authors to reduce the number of rows and columns in the Jacobian matrix.
If the effective value of the capacitor current with allowance for HH exceeds the specified in [4] value by 135 % of the rated value, it is necessary to define the most considerable frequencies to remedy the situation. After determining the most dominant frequency in the current of a capacitor, it is possible to calculate and install filters. The development of design methods and comparative analysis of harmonic filters are presented in [7] .
In general, in the study of resonance, the assumption concerning stationary operation of power supply systems is applied. So, the authors [2] developed an algorithm based on the definition of the effective current values of HH. In most cases, the parameters of the PSS mode are subject to probabilistic laws, i.e. the load capacity is not a timeindependent value. Therefore, the task of modernizing the algorithms for the non-stationary mode analysis for resonance arises. This work solves the task by using the mathematical apparatus of the wavelet packet transform.
II. KEY PROVISIONS OF WAVELET-TRANSFORM APPLICATION FOR ANALYSIS OF CURRENT RESONANCE
Current resonance (parallel resonance) is the circuit mode with the parallel inductive and capacitive elements, the total susceptance of the branched section being equal to zero. In the current resonance mode, the voltage and current are in phase, i.e. the circuit current is in a purely active mode, and in the single path of the circuit it is minimal.
It is common knowledge that current resonance (parallel resonance) condition for the circuit in Fig.1 is determined by the equality of the admittance of parallel branches: where L is the inductance, С is the capacity, R 1 and R 2 are the resistances of parallel branches of the circuit.
By converting the expression (1), we receive a formula to determine the resonance frequency in the circuit in question:
where R ∑ is the total resistance of the circuit. PSSs in cities and industrial enterprises conventionally work under non-stationary modes. Such modes are characterized by accidental load changes, i.e. the load is not constant (same) at the entire time interval (a shift, a day, a year).
Various processing methods can be used to analyze the non-sinusoidal modes of PSS operation. The simplest and most common mathematical apparatus for practical application is the Fourier transform. However, in analyzing sinusoidal non-stationary signals applying this method, a spectral leakage effect occurs. To overcome this deficiency, a Short Time Fourier Transform can be used, but it is essential for the researcher to predetermine the type and width of the window function passing through the analyzed signal. These factors add difficulty to analyzing modes of PSS operation. But these disadvantages are easily overcome by using the WT.
WT is widely applied in analyzing non-sinusoidal nonstationary modes of PSS. There is now experience with continuous WT for the complex admittance circuit to be determined based on the energy spectrum of wavelet coefficients [8] .
In paper [9] a wavelet packet transform is used to analyze the resonance mode.
In order to take into account parameter variations of the load with excessive voltage and current waveform distortion in the network, in estimating resonant mode admissibility, the four stages algorithm is provided in this work: Stage 1. Wavelet packet transform of the original signal and its decomposition into frequency components is conducted. To do this, the analyzed signal is multiplied by the frequency filter factors (high and low frequencies). So, detailing and approximating wavelet coefficients respectively are obtained. The procedure for signal decomposition can be mathematically written as follows:
By applying the major property of the scaling and wavelet functions (the equality to zero of their inner product), we can write:
where
is a wavelet function.
After the convolution of the output signal being conducted, the wavelet packet transform coefficients are obtained and they can be described by the expressions:
. (8) Thus, current and voltage can be represented by the coefficients resulting from the packet WT:
Then the effective values of non-sinusoidal current and non-sinusoidal voltage can be defined by the coefficients of packet WT:
If it is necessary to define the effective values of current and voltage of a specific frequency band, wavelet coefficients of decomposition level j and node m, which describe the frequency range in question, should be applied to formulae (11) and (12). The principles for calculating non-sinusoidal non-stationary modes are represented in [10] in greater detail.
Stage 2. The algorithm defines the time intervals with higher harmonics in the network, their contribution to the total signal energy and it assigns the energy threshold value. Time intervals and higher harmonics contribution to the signal energy are determined by the energy spectrum of the coefficients of packet WT.
The threshold of 5 % is selected according to the distortion value of the n th harmonic component [ Table 1 ]. If the spectrum energy does not exceed the specified threshold, the resulting wavelet coefficients can be neglected and not taken into account in further calculations, otherwise the contribution of this wavelet coefficient should be taken into consideration.
Stage 3. At the third stage the dependences of total circuit susceptance on frequency are constructed as well as the dependence of circuit resistance on the system frequency. In addition, at this stage resonance of system frequency is calculated, which depends on the mode parameters (load starting, load tripping, and variation of the reactive power compensation factor in relation to the selected stage of the SCB) and current definition in the system elements in the current resonance mode.
Stage 4. Based on the resonance mode currents, the parameters of the higher harmonics filter sections are calculated and it is decided that such sections of the filter should be installed in the PSS.
III. RESULTS
The authors of the paper performed frequency decomposition of the signal using mathematical apparatus of packet WT. This decomposition into the frequency components allowed the time intervals of HH in PSS to be determined.
The dominant harmonics of the original signal were defined through the product of the wavelet coefficients.
The current resonance frequency was specified, this frequency being able to cause current resonance mode by changing the mode of PSS operation through variation of the reactive power compensation factor. The effective values of HH currents were calculated using mathematical apparatus of the wavelet packet transform.
IV. DISCUSSION
The following example illustrates the obtained results. Let us consider the PSS where current resonance at HH is possible. The PSS diagram (Fig. 2) consists of the twotransformer substation. The quiescent load (represented by power points PP2 and PP3) are connected to the bus-bar sections of this substation. Non linear load being the source of HH is supplied by cable power lines (W1, W2). It is presented by valve inverters supplying variable-frequency electric drive of engines through power points PP1 and PP4.
The valve inverters are realized with 6-pulse rectifiers generating 11 and 13 harmonics into the network. In addition, the converters operate at the low power factor (cosφ). Bus-bar sections BS1 and BS2 are connected to the regulated SCBs, being the source of reactive power in the network. This is due to increase cosφ in the network. To change compensation factors under continuously changing modes of PSS operation, regulated batteries were chosen.
In simplified form the variable-frequency electric drive can be presented by the active inductive load, the current source (generator of HH) with internal resistance. SCB is the capacitive in effect load, transformer equivalent circuit is the RL-circuit. Fig. 3 shows the PSS equivalent circuit at HH. Table 1 and Fig. 4 reveal that PSS consumed a large proportion of network reactive power at the first time interval (0-7 min). At the second interval, the compensation factor increased, and at the third stage the load Q consumption share increased, but the compensation factor decreased (compensation is 50 kvar). Fig. 5 (a, b, c) shows the current oscillogram on SCB buses for specific modes of PSS operation.
Mode characteristics: - Fig. 5 а -reactive power compensation of 12.5 kvar and harmonics 11 and 13 in the network, - Fig. 5 b -reactive power compensation of 75 kvar, harmonics 11 and 13 in the network, and frequency resonance mode close to 11 harmonic frequency, - Fig. 5 c -reactive power compensation of 50 kvar, harmonics 11 and 13 in the network, and frequency resonance mode close to 13 harmonic frequency.
The reactive power compensation factor is shown graphically in Fig. 6 . The graph demonstrates the dependence of SCB steps tapping for half an hour time interval. The source of HH in the numerical experiment under consideration is 6-pulse converter. Connecting the SCB and the nonlinear load to the same bus-bar section is known to result in the current resonance on frequencies close to HH frequencies in the network (Fig. 3) . And the main condition of current resonance (the equality of complex admittance) in such modes of operation can be easily fulfilled. Fig. 7 shows the dependency graphs of susceptances (load, SCB and total) on the cyclic frequency. At the intersection of the horizontal axis of coordinates and the graph of total susceptance, there will be current resonance (susceptance in the resonance mode is equal to zero) in the PSS under this operation mode. For the mode of PSS (Fig. 2) operation shown in Fig. 7 the resonance frequency is approximately 3374 rad (which corresponds to the resonance frequency of 537 Hz.) Thus, the resonance frequency of the system is near the frequency of the 11 harmonic (550 Hz) which is present in the harmonic spectrum of the inverter.
So, on the frequency of the 11 harmonic the mode is close to the resonance mode. Fig. 8 shows the dependence of system resistance on frequency. On the resonance frequency of 3374 rad, the resistance of the system tends to infinity (the graph has a marked peak). Fig. 9 shows decomposition of the current signal flowing in the buses of SCB. The decomposition of the signal was performed by a packet WT using the Daubechies wavelet of the 24 order (Db24). As a result, we receive a matrix of the wavelet coefficients of the signal energy spectrum. If the signal energy does not exceed the threshold we set, then we can neglect these factors not taking them into account. Thus, having compared the energy of wavelet coefficients with the threshold value, there are only three wavelet coefficients left: (3.0) -describing the fundamental frequency of the system (50 Hz) (Fig. 10 а) , (3.5) -describing the 13 harmonic (650 Hz) and (3.7) -describing the 11 harmonic (550 Hz).
Hence, three modes of operation of SCB (Fig. 10 ) can be noted:
-low reactive power compensation factor (12.5 kvar) with the 11 and 13 harmonics in the signal and this is proved by the energy spectrum of wavelet coefficients 5 and 7 of the node of the third decomposition level (Fig. 10 c, d ), the coefficients being responsible for the relevant frequency bands;
-compensation of 75 kvar of reactive power -in this case with the current resonance on the frequency close to the frequency of the 11 harmonic, and this is proved by the high value of current signal energy of the 11 harmonic, being described by wavelet coefficients of the 7 node of the third decomposition level ( Fig. 10 c) ;
-compensation of 50 kvar of reactive power -current resonance frequency mode close to the frequency of the 13 harmonic characterized by the wavelet coefficients of the 5 node of the third decomposition level ( Fig. 10 b) ; The idea proposed by the authors is based on generalization of the works on the analysis and identification of currents resonance in PSS. The following tasks were accomplished in the present work:
1. The possibility of frequency decomposition of the nonsinusoidal signal was shown. Also the possibility to specify the effective values for the mode parameters by means of certain wavelet coefficients was presented. In accordance with [4] this will allow the definition of dominant harmonics to be more precisely determined to implement VC.
The modified algorithm to define time intervals of HH and current resonance frequency in PSS was proposed, this being done with the mathematical apparatus of packet WT at the specified reactive power compensation factor.
The possibility to apply the proposed algorithm to calculate parameters under non-stationary modes of PSS operation was established beyond doubt.
